Complement activation products are major components of the inflammatory response induced by cardiac surgery and cardiopulmonary bypass which contribute to postoperative organ dysfunction, fluid accumulation, and morbidity. Activation of the complement system occurs during extracorporeal circulation, during reperfusion of ischemic tissue, and after the formation of heparin-protamine complexes. In this study we examine the efficacy of Compstatin, a recently discovered peptide inhibitor of complement, in preventing heparin/protamine-induced complement activation in baboons. The study was performed in baboons because Compstatin binds to baboon C3 and is resistant to proteolytic cleavage in baboon blood (similar to humans); Compstatin inhibits only the activation of primates' complement system. After testing various doses and administration regimens, Compstatin produced complete inhibition at a total dose of 21 mg/kg when given as a combination of bolus injection and infusion. Compstatin completely inhibited in vivo heparin/protamine-induced complement activation without adverse effects on heart rate or systemic arterial, central venous, and pulmonary arterial pressures. This study indicates that Compstatin is a safe and effective complement inhibitor that has the potential to prevent complement activation during and after clinical cardiac surgery. Furthermore, Compstatin can serve as the prototype for designing an orally administrated drug.
INTRODUCTION
Clinical cardiac surgery using cardiopulmonary bypass produces a massive inflammatory response, which involves activation of platelets (1, 2) endothelial cells (3) , neutrophils (4, 5) , monocytes (6) , and lymphocytes (7, 8) and the contact (9) , intrinsic (10, 11) , and extrinsic (12) coagulation, fibrinolytic (13) , and complement plasma protein systems (14, 15) . Activation of the complement system during cardiopulmonary bypass occurs at three different times: first, during blood contact with biomaterial and gas (16, 17) via the alternative and classical pathways; second, after protamine administration (18) and formation of heparin-protamine complexes that activate mainly the classical pathway; and, third, after reperfusion of the arrested heart (19) . Myocardial reperfusion activates both the alternative and the classical pathways. Complement activation during clinical cardiac surgery is a major component of the "whole body inflammatory response" that is associated with temporary organ dysfunction (20, 21) , fluid accumulation, and morbidity associated with these operations (22) .
Activated complement intermediates that are vasoactive or cytotoxic are anaphylatoxins (C3a, C4a, and C5a) and the C5b-9 complex. The anaphylatoxic peptides induce damage through their effect on neutrophils, mast cells, eosinophils, and basophils. Previous studies suggest that C5a is the only peptide that has a chemotactic effect on the aforementioned cells. However, recent work indicates that C3a also has a chemotactic effect on eosinophils (23) and mast cells (24, 25) . C5b-9 is a major cytoxin.
C5a is at least 10 times more potent than C3a in inducing most biological responses. Therefore, many investigators suggest that complement inhibition at the C5 level will eliminate the damaging effects of activation. However, since the concentration of C3 (and C3a) is 15 times higher in plasma than that of C5 (and C5a), we suggest that inhibition at the level of C3 will be more effective. In fact, Rinder and co-workers (26), using a model of extracorporeal circulation, demonstrated that inhibition at the C3 level inhibits both monocyte and neutrophil CD11b upregulation and platelet activation. In a similar model Rinder et al. (27) , observed that inhibition of C5a and C5b-9 generation do not inhibit monocyte CD11b upregulation.
Several compliment inhibitors have been developed: antibodies against C5 (28); proteases (29) ; recombinant forms of natural inhibitors, such as complement receptor 1 (CR1) (30) ; decay accelerating factor (31); and membrane cofactor protein (32) . The most promising inhibitor at the C3 level appears to be a soluble form of CR1 (33) , which is currently being evaluated in clinical trials. However, the high molecular weight and relatively complex structure of CR1 may impede the development of an oral drug. Furthermore, its size and complexity may defeat large-scale synthesis.
Other approaches to suppress complement activation use heparin-coated (34) or heparin removal devices (35) . The disadvantage of these efforts is that these devices only inhibit activation on biomaterials and have no effect on complement activation caused by gas surfaces or reperfusion of previously ischemic tissues.
Compstatin, a novel and potent inhibitor of the complement system, is a promising alternative (36) . Compstatin is a 13-residue cyclic peptide that was developed in our laboratory using a combinatorial phage-displayed random peptide library. It has the ability to bind specifically to primates' native C3 and inhibit further activation.
Compstatin has already been tested in a model of hyperacute rejection in discordant kidney xenotransplantation (37) and in a model of extracorporeal circulation (38) . In the first model, porcine kidneys were perfused with human blood; kidneys treated with a control peptide survived 90 min whereas kidneys treated with Compstatin survived up to 380 min (the duration of the experiment). In the extracorporeal circulation model, Compstatin inhibited the generation of C3a and C5a, the formation of the membrane attack complex, and CD11b expression on neutrophils (PMNs). The peptide also inhibited binding of C3/C3 fragments, PMNs, and monocytes to the polymer surface.
These data encouraged us to test the safety and efficacy of Compstatin in an in vivo primate model. The results of this investigation clearly indicate that Compstatin is both safe and effective in inhibiting the activation of the complement system in vivo.
MATERIALS AND METHODS

Preparation of Baboon C3b
Baboon (Papio anubis) C3 was purified as previously described for human C3 (39, 40) . In brief, baboon plasma was precipitated with 5% PEG, and the supernatant was precipitated a second time with 16% PEG. The pellet was resuspended in 0.01 M Na 2 HPO 4 , (pH 7.9) and passed through a Mono Q column (Pharmacia). Fractions containing C3 were pooled, concentrated, and passed through a gel filtration column (1.6 ϫ 50 cm, Pharmacia). C3 was converted to C3b by limited proteolysis with trypsin (41) .
Biotransformation of Compstatin
Freshly drawn baboon blood or plasma containing heparin (3.75 units/ml) was incubated at 37°C with Compstatin at a final concentration of 1 mg/ml. Samples of 500 l were taken at various time points and centrifuged in order to separate cells; 100 l of the supernatant was mixed with an equal volume of H 2 O/ TFA 0.1% and centrifuged for 1 h at 14000 rpm through a 5000-MW-cutoff filter. The flow-through was analyzed using an analytical HPLC connected to a reverse phase C-18 column.
In Vivo Studies
Juvenile baboons (P. anubis) weighing 10.5-28.8 kg were used. A total of six baboons were used for 13 studies; one was studied once, three were studied twice, and two were studied three times. Animals were rested for 6 to 8 weeks between serial studies. For each study, the baboon was placed in a squeeze cage, sedated with 10 mg/kg ketamine hydrochloride intramuscularly and induced with 5 mg/kg thiopental sodium intravenously (IV). The animal was then intubated; general anesthesia was maintained with inhalation isofluorane (1-2%). The electrocardiogram was continuously monitored. The right or left groin was prepared and draped appropriately for a sterile vascular cutdown and/or cannulation. Hemodynamic monitoring was accomplished using an arterial line with a 22-G catheter placed in the femoral artery and a 5-Fr Swan-Ganz catheter placed via a femoral vein. This study was approved by the University of Pennsylvania Committee on Animal Care and Utilization.
All animals received a bolus dose of porcine intestinal heparin (3 mg/kg; Elkins-Sinn, Inc., Cherry Hill, NJ). Sixty minutes later each animal received protamine (3 mg/kg, Elkins-Sinn) over a 5-min period. Six animals served as controls; they received 7.2 ml/kg of PBS 60 min after heparin administration and then 29 ml/h IV for 45 min beginning 15 min after the protamine infusion. All injections were done through the peripheral vein.
Eight animals received Compstatin in various doses by bolus injection, infusion, or both (Table 1) . Three baboons received a 50 mg/kg bolus of Compstatin 60 213 min after heparin and 10 min before protamine administration. One of these three animals also received an infusion of Compstatin (0.3 mg/kg) for 45 min beginning 15 min after the bolus of Compstatin.
Two baboons received a bolus of 25 mg/kg of Compstatin 60 min after heparin and 2 min before protamine and both also received an infusion of Compstatin (0.3 mg/kg/min) for 45 min beginning 8 min after the bolus.
Two baboons received an infusion of Compstatin (0.2 mg/kg/min), one for 45 min and one for 60 min, beginning immediately after a bolus dose of the drug. The first animal received a bolus dose of 12 mg/kg; and the second received a bolus of 5 mg/kg.
A single animal received an infusion of Compstatin (0.4 mg/kg/min) for 85 min beginning 60 min after heparin and 5 min before protamine and did not receive a bolus dose.
Baboons were awakened 240 min after protamine administration and extubated. Catheters were removed, and cutdown wounds were closed with subcuticular polyglycolate sutures.
Heart rate by electrocardiogram, systemic (systolic, diastolic, mean) arterial blood pressure, central venous pressure, and pulmonary arterial pressure were continuously monitored.
Collection of Blood Samples
Blood samples for the evaluation of hematological parameters were collected in glass tubes containing heparin. Blood samples for the assay of complement activation products were collected in 5-ml plastic tubes containing 3.8% Na citrate (9:1, vol:vol) and centrifuged at 2000g for 20 min at 4°C for plasma separation. All samples were taken by venous puncture and assayed immediately. Aliquots were also stored at Ϫ70°C for further examination. Blood collection time points were as follows: after induction of anesthesia (baseline); 5 min after heparin injection (heparin); 55 min after heparin (before bolus); 1, 5, 10, 15, 30, 45, 60, 90, 120, 180, and 240 min after protamine administration (Fig. 1) .
Biochemical Parameters
Concentrations of activated fragments of baboon C3 were measured in plasma by a sandwich ELISA as described previously (42) , with slight modifications: microtiter plates were coated with 50 l of 1 g/ml of the capture anti-C3-28 antibody solution in PBS. This antibody specifically recognizes neoepitopes exposed only in cleaved products of primate native C3 (C3b, iC3b, C3c). The wells were then blocked with 1% BSA in PBS for 1 h, and serial dilutions of the plasma samples along with duplicates of the standard (baboon C3b) were added and incubated for 1 h. The plates were washed twice with 0.05% PBS-Tween 20 (washing buffer), and a polyclonal rabbit anti-human C3b was added. After 50 min of incubation wells were washed twice, and bound C3 fragments were detected by addition of 1:1000 anti-rabbit horseradish peroxidase (HRP). After 40 min the wells were washed three times and the HRP substrate was added (ABTS 0.05% in 0.1 M Na citrate, pH 4.2, with H 2 O 2 diluted 1:1000). The plates were read at 405 nm. All steps were performed at room temperature.
Hematological Parameters
Hematological parameters were measured using a STKS, Coulter (VCS). Specifically, we measured the 
values of hemoglobin (Hb), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), mean corpuscular volume (MCV), red cell distribution width (RCDW), red blood cell (RBC), platelets, and white blood cell counts (WBC). In addition, we measured the hematocrit (Hct) and the activated clotting time (ACT).
RESULTS
Biotransformation of Compstatin
Analysis by HPLC of samples of Compstatin incubated at 37°C showed that Compstatin is stable in baboon plasma for more than 24 h. The same profile was observed when Compstatin was incubated with baboon blood, suggesting that the Compstatin was not adsorbed to blood cells (Fig. 2) .
Complement Activation
Our ELISA was designed to detect the activation products of C3 (C3b, C3c, and iC3b), hereafter referred to as C3b/c. Although C3a, C5a, and/or C5b-9 are the usual indicators of activation of the human complement system, the analogous parameters could not be measured in our study, since reagents for the respective baboon fragments are not easily available. The results we obtained, however, reflect an acceptable level of complement activation after exposure to heparin-protamine complexes.
The levels of C3b/c generated in response to heparinprotamine complexes in the presence of Compstatin or PBS (control) are shown in Fig. 3 . In our system heparin-protamine complexes induce an immediate specific activation of the complement system that slowly decreases to baseline levels (Fig. 3) .
We tested a wide range (total doses 17-63.5 mg/kg) of Compstatin dosages administered under various experimental regimens (Table 1) . Initially a bolus injection of 50 mg/kg of Compstatin was used. This dose inhibited complement activation when administered to one animal (Fig. 3A) , but when given to a second baboon (Fig. 3B) , there was noticeable activation beginning at 15 min after protamine administration. The administration regimen was then changed to 50 mg/kg of Compstatin followed by an infusion at a rate of 0.3 mg/kg/min for 45 min (15-60 min) after protamine administration (Fig. 3C) . When administered according to this regimen, Compstatin completely inhibited complement activation induced by heparin-protamine complexes.
The total dose of the inhibitor then was progressively lowered to the following levels:
(1) 38.5 mg/kg (bolus, 25 mg/ml and infusion, 0. Although constant infusion of 0.4 mg/kg/min for 85 min (34 mg/kg total dose) had no significant effect on complement activation, we observed complete inhibition with a bolus of 12 mg/kg combined with an infusion of 0.2 mg/kg/min for 45 min (Fig. 3D) . When the total dose was lowered to 17 mg/kg, with a 5 mg/kg 
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bolus and an infusion of 0.2 mg/kg/min, attenuated inhibition was observed (Fig. 3G) .
Hematological Parameters
No significant differences between the baboons receiving Compstatin and those receiving PBS in the electrocardiogram, systemic arterial, central venous and pulmonary arterial pressures, or various hematological parameters (Hb, MCH, MCHC, MCV, RCDW, RBC, and Hct) were observed at any time during the studies (Fig. 4) . ACT increased as expected after heparin injection and decreased to control values after protamine administration (data not shown). Platelet counts (Fig. 5A ) decreased slightly after heparin administration and remained at that level until the end of the experiment. White blood cell counts (Fig. 5B ) decreased in both groups at 1 min after protamine administration and increased 30 min later.
DISCUSSION
In this report we demonstrate that a newly discovered complement inhibitor, Compstatin, effectively inhibits activation of the complement system when tested in an in vivo model. Compstatin is a low-molecular-weight peptide (1593 Da), with a simple structure effective in vivo in concentrations comparable to those of other pharmacologic peptides (i.e., cyclosporin).
In this study we extended the previous observation of Sahu et al. (43) , who found that Compstatin is not degraded in human blood, to baboon plasma and blood. The pharmacokinetics of Compstatin require further study.
In our in vivo model, juvenile baboons that received vehicle (PBS) after exposure to heparin and protamine showed significant activation of the complement system. Activation levels corresponded to 1-3% of the total C3 plasma concentration. Although this range is lower than that observed during cardiopulmonary bypass (7-10%) or after formation of immunocomplexes (ϳ10%), ranges of activation were adequate to test the efficacy and safety of Compstatin in vivo. Our inhibitor successfully inhibited this activation of the complement system at a total dose as low as 21 mg/kg.
In our first animal in which Compstatin was administered as a single bolus injection, we observed complete inhibition of complement activation. However, when this experiment was repeated in another animal, we saw activation, beginning 15 min after protamine administration. This discrepancy can be attributed to a variation in the intensity of complement activation between animals or the clearance rate of Compstatin. HPLC analysis of the plasma samples showed only trace amounts of the intact form of Compstatin at 20 min after injection (data not shown). Subsequent experiments using a combination of bolus injection and infusion achieved complete inhibition of the comple- 216 ment system throughout the experiment. At the lowest dose tested, a total of 17 mg/kg (5 mg/kg bolus and 0.2 mg/kg/min, 0 -60 min infusion), minimal activation was observed, and this activation occurred only during the first 10 min of protamine administration. Our observation that Compstatin has a minimal effect when administered by constant infusion suggests that an initial bolus is critical for inhibiting peak activation immediately after protamine administration.
White blood counts showed a decrease after protamine administration, followed later by an increase in both groups; therefore, these changes are independent of complement activation. The same pattern has previously been observed by Gillinov and co-workers (44) in a piglet cardiopulmonary bypass model with sCR1 as inhibitor and by Tonz et al. (45) in patients. This initial decrease may reflect the adhesion of circulating white blood cells to the vessel wall or aggregation re- 218 lated to the expression of adhesion molecules on neutrophils. Platelet counts also showed the same pattern in both groups. There was an initial drop of about 20% after heparin administration and then a return to the original levels at 10 min after protamine administration. These observations are in agreement with those of Muriithi et al. (46) , who suggest that heparinization causes a spontaneous in vivo microaggregation of platelets.
We observed no significant differences in hematologic measurements (Hb, MCH, MCHC, MCV, RCDW, RBC, Hct, ACT, WBC, and platelets) between control and Compstatin-treated animals, a finding which suggests that Compstatin has no toxic effect at the concentrations used in this study.
Taken together, our results indicate that Compstatin has a great potential for clinical application as a safe inhibitor of complement activation.
